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ABSTRACT

Various simple issues connected with the possible storage of p in relative
proximity to normal matter are discussed. Although equilibrium storage looks to be
impossible, condensed matter systems are sufficiently rich and controllable that
nonequilibrium storage is well worth pursuing. Experiments to elucidate the p

interactions with normal matter are suggested.
INTRODUCTION

Although it is technically possible, the confinement of p as a unneutralized
plasma in electromagnetic traps makes no sense for energy storage because the
energy density of the required magnetic field is equal to or greater than the rest
mass energy density of the confined p. This iscalled the Brillouin limit.! (Of course,
such storage of p for other purposes, as discussed elsewhere in this workshop, makes
a grest deal of sense.) Therefore, energy storage must be achieved by neutralizing
the p chargr -<ither directly with e+ (antihydrogen formatiun) or indirectly in
condensed matter. Both methods confront challenging scientific questions of
intrinsic interest. (See the papers by J. B. A. Mitchell and W. C. Stwalley for

antihydrogen formation.)



BENEFITS

A. Space charge screening (dense storage)

The density of unneutralized p that can be stored in macroscopic
electromagnetic traps is ultimately limited by space charge, which must be confined
by a magnetic field. A p density of only 2.5 1013 cm-3 will create a pressure of 100
atmospheres at the surface of a spherical volume 1 cm in radius. Of course, adding
positrons to create charge neutrality would be a solution, but, in principle, a deficit of
electrons in condensed matter would achieve the same thing, so long as the integrity
of the normal matter structure was not affected. Removing only one electron per 100
atoms would be enough to neutralize a p storage density of about 1022 ¢m-3 in normal
matter.

B. Lowenergy

Although any efficient p produztion process now imagined produces the product
at very high kinetic energies, this is an impractical state for storing 1022 p at any
density, and especially so at high density. Even at the modest energy of 10 keV the
kinetic energy of 1022 p is equivalent to a gram of matter moving at z velocity of 178
km/sec, about 16 times the escape velocity frem earth. Should the end use of the p
require kinetic energies higher than thermal it is a relatively simple matter to
accelerate them compared to deaccelerating them, for which a well-defined beam
requires the controlled compression of phase space. Condznsed matter storage of p
would be intrinsgically low energy storage as would be condensed anti-hydrogen, an
attractive alternative.

C. Robustness(vacuum requirements)

Without a specific mechanism in mind it is impossible to predict how robust

condensed matter storage would be with all the attendant equipment. However,

experience has shown that the condensed matter version of devices, from VLSI chips



to IR detectors, exhibit high reliability. Paradoxically. condensed matter storage
would eliminate the requirement for ultra high vacuum since the migration of
impurities through a solid is easier to control than their migration through empty
space. This is particularly importuant for low-energy p storage for which the vacuum

requirements become severe because of the increased cross section for annihiiation.
KNOWN LIMITS TO STABILITY

A. Lieb’stheorems

Are there any fundamental reasons why no possible combination of matter and
antimatter can be stable, i.e.. stable intrinsically and in equilibrium? The answer,
unfortunately, is yes, and is provided by Elliott Lieb's theorems on the stability of
normal matter.2 Lieb pioves that atoms are stable because of the uncertainty
principle, that bulk matter is stable because of the Pauli principle for fermions
(which leads to a stronger uncertainty principle), and that thermodynamics is
possible becarise of screening (which permits charge neutrality in bulk matter).
These theorems apply with equal force, of course, to antimatter, so thet is stable, too.
However, combinations of matter and antimatter necessarily involve an interface
where there is no Pauli principle between the electrons and positrons and, hence, no
stability.

There are two ways around Lieb’s theorems. One way is to note that the role of
the Peauli principle was crucial only for the leptonic component of matter, not the
hadronic. (Solids containing only nuclei having integral spin (bosons) are quite
stable.) The fact that protons ard neutrons are fermions may be relevant to the
stability of neutron stars, but not to ordinary matter. Therefore, the theorems 4o not
strictly address the problem of p stability in normal matter The other escape is w

accept the impossibility of equilibrium stability but work for either nonequilibrium



stability in steady state (the basis of p storage rings) or a long decay time (the basis
of some electromagnetic traps).
B. Intrinsic attraction through induced polarization

If p without e+ avoid Lieb’s objections, what is the problem? The problem is
not only that Earnshaw’s theorem3 prohibits trapping in a static electric field but
that a p induces attractive electric dipole forces in all neutral, equilibrium matter.
Therefore, a thermalized p will be attracted to the nearest positive ion in a solid, or to
a neutral atomic site, where it will become captured in an atomic orbit and then
cascade down the atomic energy levels until annihilatior occurs with the nucleus.
C. The question of feasibility

In view of these daunting obstacles what hope can there be for p storage in
condensed matter? Without its technological importance, shared with H
condensation, as the ultimate means for energy storage, the problem would be
dismissed as too difficult. However, until it can be proven impossible, with the rigor
of Lieb’s theorems or the second law of thermodynamics, it must be assumed possible
because of the astonishing variety of complex and cubtile effects that condensed
matter continues to reveal. Once a p reaches thermal energies its behavior can be
dominated by these electromagnetic effects as long as it remains outside the vicinity
of nuclei. From another viewpoint, every mole of condensed matter contains 1024
force-free positions for p -- unstable, though, in one or more directions. To

dynamically stabilize a small fraction of these is "all” that is needed.
DOWN-SCALING MACROSCOPIC TRAPS

A. Penning traps to microfabrication to Stark saddles
Can proven macroscopic traps be scaled down to microscopic size?  The
reduction in size may be carried quite far, although true atomic analogs are not yet

knowi,



Consider a standard Penning trap with electrodes along equipotenual lines of
the electric potential®
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in an uniform magnetic field H the z direction. If z, and x* + y°- = r_ - are the

locations of the electrodes then A is related to the applied voltage V by
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There will be a maximum number of charges the trap can hold. For simglicity. take
this number N tc be that which would cancel a fixed fraction f of the applied fieid at

zp when all charges are at the center of the trap.
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The effective cherge density p 1s then
N f32 z;: v
p= , =
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Consider how this density scales with size The voltage V must not produce an
electric field strength above the value for d.electric or vecuum breakdown. sc the

scaling of V will be taken as
‘, = F.llzl-!
where Fi 1s a tsafe) constant Tak:ng the ratio za-rg to be constant 1t 1s seen that p

scales as 1 zio. which :mplies smaller 1s hetter Assuming ¢ nstant H. the frequencies
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One limit w smaller traps is the lower critical field for stability.

This is equivalent to requiring wm < w; V8 if ryg = V2 z3. Clearly, H, scales as
1.V zg. so the maximum attainable magnetic field will set a lower limit on the trap
size, and an upper limit on the density. If Eg = 104 volts'em and H. = 105 gauss

(thanks to the new superconductors). then

and

~aar

Thisis in the relm of microfabrication, but not quite quantum mechanics. Note that
the space charge in each small trap can be neutralized, so there is no build-up of
charge as the number of traps is increased. If the total volume of a small trap 1s five
times its storage volume and f = 0 2, then a cubic meter of these would contain
1018p. (The Brillouin limit corresponds to f = 1) The required voltage would be a
very modest 2v

Although miniaturized, these traps are still :lassical and therefore require a
high vacuum and a high, externally imposed magnetic field whose energy density 1s
comparable to the rest energy of the trapped p.

Quantum mechanics does enter for further miniturization, where an atom:c
analog o the Penning trap exists, as pointed out by Charles Clerk. et al 5 The so-

called Stark saddl: is the farce-free laction &% a charge subject to hoth an external



electric field and the electric field of an 1on. This position is unstable only 1n the
direction toward tor away! from ion. Applying a magnetic field perpendicular to the
unstable direction leads to closed. classical crbits for the charge’s moticn around the
saddle point. Unlike the Penning trap, in which a magnetic field H perpendicular wo
a plane with E field instability results in stability. the Stark saddle trap has H
perpendicular to a plene with an E field saddle. and the result i3 metastability That
is. the classical orti:s are unstable to small perturbations and correspond to
resonances rather than true bound states. For an external field of 5 kV:ecm the Stark
saddle lies over 600 A from the ion. so this a phenomenon for gases. not solids.

B. Storagering tochannel ring

The other common macroscopic storage medium for p is the storage ring. In
principle, it, too. can be down-sized, and this important subject is covered by
D.Cline.8 Going to even smaller scales, is there an atomic analog? An obvious one
would be channeling in a crystal, which would demand some unusual fabrication to
make a closed path. Itis also possible o imagine tbut undoubtedly more difficult o
realize) channeling in a straight path with perfect reilection at each end. If lossless
channeling occurs for only certain ranges of p energy the reflection region would
have w be tailored with a varying impedance to minimize turning-point losses.
Although no p channeling experiments have been done, n- channeling has been

observed in the curious configuration of a helical spiral around lines of aioms.”
CONDENSED MATTER TRAPS

A  Genericleakage

Whatever the mechanism for achieving p traps there will be a relationship
between the size and depth of the trap and the leakage rate to neighboring nucler
where annihilation will cecur This relationship is illustrated here with a simple

model



Let the trap be an equ:valent three-dimensional square well of depth -V; and
radius rg. Bound s.ates of energy —eVy will exist i
m r”\;'..’rr.V'..f'h > a2
where m is the p mass. The wavefunction of the lowest bound state ts wavei will

extend outside the well leading to a probability density

7 r - L -
. AT TS, “Iviars_ -1,

|q,lr||" = —3 (Tu si.".:@n? B ¢
"o

forr = rg, where A is a normalization constant and 8 = vi-¢ g

This probability density will extend to the nearest nucleus and give an
annihilation decay rate. To estimate the distance rq at which the decay rate is 1 per
year assume for simplicity that the proton at r does not change 'y!2, i.e., the Born
approximation, and compare the density 'y12 with the 1s state density at the origin
of protoniura 'y (01, which has a decay rate® of 5-10'*s' That is. solve the
following equation forrq:

a8~ 14

pl - 2
|¢grﬂll':lq,-10lUll'5-1U
The results for rq corresponding to various well strengths are shown in the table

below where a trap of radius ry = 10-3 cm is assumed

Vlev) r,-10-8cm

3i2n 1.82 0.704 5.3 5.6
3n 7.3 0.909 2.9 3.0
10n 80.8 0.991 15 1.6

The table shows that a physically reasonable trap could hold p for a year within a few
Angstroms of normal matter. although there is the obvious trade-off between

shallow traps (easier tc achieve) and larger spacings tharder to achieve)



Actual annihilations w 1] most likely proceed through the capture of a p 1n an
atomic state rather than by direct annihilatuion. Ta estimate the critical radiusr, for
an atomic capture of 1 per year. set the parti-le flux l=aving the well equal to ngrnz
times Ak -m. where k 15 the wavenumber of the p in the atomic potential. k =
V2mAE'#, AE = me#+4a2 (energy of lowest pp state). This flux multiplied by the
protonium area 2na,’ = 2nt242:me2)2 gives the approximate rate of capture ta
quantum mechanical engineering estimate'). That 1s, solve tke following equation
forr,,

np'lrﬁnE fhk/m 'Zna; =10""
which has the same form as the previous equatior. used to find the critical radius ry
for direct pp annihilation. Numerically, atomic capture is 1) times more likely.
which results in slightly larger r as shown in the previous table.

Electrons will not be trapped in these wells unless Vm g>n2ie,g>
21.4 n, much larger than considered above. Even then the traps could not be
“poisoned” by electron filling because the heavier particle always wins the
competition for the same trap, otherwise the stabilicy of p in normal matter would be
easier to achieve Likewise, muons can not be trapped until g > 1.5n which is
reasonably close to optimum trap depths for p. Therefore, y- would be a relatively
cheap substitute for p when testing trap concepts.

3. Polarons

A polaron is a cbarged particle in a crystal with the accompanying lattice
distortions it induces.9 In the extensive literature on polarons the particle is usually
an electron, but, in principle, it could be an interstitial proton or p. The heavier the
particle the more dense the phonon cloud around it, and it is known that protons can
even be trapped. By itself, the observed phenomenon of proton trapping does nct
prove that p trapping will l.kewise occur, but it 13 a promising entreé for thecrists

into the behavior of p :n alkali halide crystals. The polaron phenocmencn =



responsible for the effective at'raction between electrons that leads to

superconductivity, which demonstrates its capability for non-trivial effects.

C. Excitons

Excitons are electron-like bound states? and are of interest to the p system
because they are the quantum unit of the polarization field. and it is precisely on
questions of induced polarization that the p storage problem hangs. If excitons were
large objects spread over many lattice spacings their relevance would be minimal.
but, in fact. they may occur localized on one atom. Again, as with polarons. the
exciton is a concept with a rich literature of special relevance to thecretical studies of
p trapping concerned with nonlinear polarization or screening of the p charge by

holes,
SPECIAL EFFECTS

The following mechanisms are examples of new discoveries and ideas that
could lead w a breakthrough in the p storage problem.

A. Suppressed barrier penetration

In a study of quantum mechanical tunneling Michael Nieto. et a'..19 have
found that a wave function in a higher-energy well will not necessarily tunnel to a
lower-energy well, even in an arbitrarily long time, if there is not dissipation or
coupling to other modes. The probability of quantum tunneling is a critical function
of the shape of the barrier potential, not just its average height. Temporal
modulation of the barrier would seem to be another promising means to control
tunneling rates.

B. Quencheddecay

E. J. Robinsonll has shown that the well-known exponential decay rate of
unstable states can be changed substantially, and even approach zero. if the product

of the decay belongs to a conunuum that isitself unstable.
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C. Self-trapping

Using a model relevant to the quantum diffusion of muans and protons inside
metals and at surfaces. F. Guinea, et al..!2 discovered a transition from ciffusive
dynamics w a self-trapped state at a critical value of coupling to the environment
This trapping 1s not related w the self-trapping of polarons mentioned above

D  Dynamic lecalization

D. Dunlap. et al..13 calculated the quantura mechanical motion of a charged
particle in a latuce under the action of ume-dependent electric fields and found a
new phenomenon whereby the moving particle became localized within one lattice
spacing. Since this lucalization occurs exactly at a lattice site. it is not directly
applicable to p. which need to avoid lattice sites. Nevertheless, the concept of
dynamic localization, or creating effective traps by parametric m-1ulation, seems a
promising mechanrism to apply to energy saddle points of p in normal matter.

E. Two-level systems

The properties of the two-level quantum system have been recent.y studied by
many people (see the ~eview by A. J. Leggett. et al 141 and many exact results a-e
known about the tunneling of a particle between two wells in a dissipative
environment. The condiuons for the particle being localized in one well. decaying. or

oscillating between the wells have been dilineated i detail.
EXPERIMENTS WITH p IN CONDENSED MATTER

The easy availability of low-energy p will be a strong impetus t: perterm
experiments in condensed matter. Although most of these will not be intended t:
test proposed storage mechanisms, the exper'ence gained will build. nevertheless. an
invaluable technical base for the critical evaluation of storage feasibility
Predicuons of the benefits of condensed matter experiments have consistently

missed the most wonderful discoveries. a recent example being the high temperature

LR



superconductors, so the best strategy is w encourage experimentation. The role for
theory should be Lo suggest and interpret, not w proscribe.

A. Awmicc.cay and strong interactions

The x-rays emitted as a p cascades down tne atomic states when it is captured
by a nucleus are recognized as a powerful diagnostic for studying the pp and p I
interactions at low energies.15 The effect of the strong interacuon shows up as a
reduction in the intensity of the last cbservable transition and as a shift (of order 1.
keViin the low iying atomic states.!8-19 There 1s also a hyperfine splitting between
singlet and triplet s-states (of order 1°4 keV) due to the spin-dependent pN
interaction.20 21 X.rays from np — 1s and nd — 2p transitions of protonium have
been seen!® and they confirm predictions of strong interacuon 2ffects Other groups
have seen strong interaction effects in pN.18 19 Algo. the preferential capture and
different atomic cascades of the various negative particles. n—-, K-, £~ _and p
reveal much about low energy cross sections and metastable states 2223 If the
atomic deexcitation energy 18 resonant with an appropriate nuclear E2 excitation 1t
1s also possible for radiationless transitions to occur (the atom deex~ites by exciuing
the nurleus) 2426 This can prnvide otherwise inaccessible information about the
nuclear potential

B  Channeling

Unlike the case with p+ there 1s little known about p- channeling,28 27 which
would give useful information cbout the prospects with p The reason for this 1s the
lack of a p— beam or a p-— source within the solid The obvious source. a n—_ s
captured by a nucleus tas a p would be, normally). However, channeling of n-
themseives has been observed and the paths appear to be helical spirals. as
menuoned above.” The fact that n— can channel is most interesting because it 13
doing so 1n a lattice of ~bsorbers rather than repellers. and therefore falls outside the

usual analysisafchanneling 28
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C. Potpourri

Because condensed matter 1s so complicated. many of the scienufic
breakthroughs arise from unexpected experimental results rather then theoretical
discoveries. Therefore, as lov -temperature p became cheaper they undoubtedly will
be 1nserted in variocus materials if only "to see what happens.” Some of the materials
that have bzen suggested are discussed below.

1 Superfluid 1He

Superfluid *He is one of the most studied and best understood of condensed
matter systems The atoms are the most quiescent of all, with about 10% of them
being in a Bose condensate having strictly zero momentum The atoms also have the
highestionizauon potential, 24 6 eV, and are correlated into a macroscopic quantum
state from the size of the container to an interatomic spacing.

What would p do 1n such an exotic material? It has been suggested they might
form "bubbles” or self-containing caviues in the liquid, as other impuriues do. such
as electrons2¥ and even positronium.30 Bubble formation. however. does nct seem
likely because t1) ther- is no help from the Pauli principle (ag with electrons! 1n
pushing away the electron densities of nearby helium atoms and (2) the larger p
mass reduces the p localization energy izero-point motion) tc a scale comparable with
the interatomic spacing Perhaps there will be a barrier to } «.tomic capture because
the intermediate state invoives a free electron which must formn a bubble, which
costs 1.3 eV? Alas. there seems no reason to exclude He— as an intermediate state.
for which there 18 no significant barrier Impurities are also attracted w the cores of
quantized vortex lines, but there 18 no obvivus advantage for p stability at such a
location Nevertheless. 1t will be interesting to see what does happen to p 1n
superfluid 4He

Another interesting facet of 1He behavior 18 ts surface. which 13

microscepicallv smoath adpans a vacuum -l arkitrary "hardaess” at sufficiently ow



temperature. and can support sheets of surface charge on either side.3!' 32 In
particalar, electrons on the vapor side can be held against the helium surface by
appiying an electric field: they do not penetrate the surface because of the relauvely
high energy required 1o make the bubble state menticned earlier Because this
electronic surface charge density ca. be substantial and can be ercited in varigus
plasma modes, the possibility exists of finding electron-p states that are bound to the
surface but have negligibie p density at the surface. In effect. the p would be trapped
between the external electric field and the electronic surface charge. which inturn is
repelled from the surface by the Pauli principle One could also introduce other
charged spec:2s of heavier mass. such as H- or D— As mentioned i1n the general
remarks above, such trapping would have to occurin an excited s' te

Even quite small or dilute trapped surface states would be interesting as
rossible nucleation sites for cluster ion firmation, for which the problem is w find a
coupling (o normal matter) that can carry away the condensation energy. tSee the
paper in these proceedings by W C Stwalley )

2.  Degenerate hquid sHe

This is mentioned more w 1liustrate a general approach to trapping -- prohibit
the formation of intermead ate states necessary for decay -- than to suggest it will
work in this specific instance At low temperature. the 3He atoms are 1n the ground
state of a Ferm1 liquid, which means that all momentum states iess than the Fermi
momentum. k, ~ ¢ J A-1are filled To the extent that intermediate states uf the p
decay process require the scattering of 3He atoms into states with k < k, the decay
will be supprassed. The problem is that p 1s a localized perturbation, and it weuld
seem to have no difficulty in confining 1ts.nteracuons to waveiengths A < 2nk,

3.  Superconductors

Many of the featu-es of quantum coherence apply to bath supercondu«tirs and

superfluids e _ i supercondusctor ax o harged superflind o solid neatrdbozing:
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background Electric and magneuc fields are shielded quite erfectiveiy 1n
superconductors over distances comparable tw the peretraucn depth, a length scale
present only in charged superfluids and typically having a magnitude of many
iattice spacings. Thus. one cannot expect known superconductors to shield and
stabilize a pin any cbvicus way on an atomic scale, but what will happen 1s not clear
etther since the ongin of the effective electron attraction, which gives rise tu
superconductivity, is a subtle and delicate interplay of electronic and lattice
propertie both of which are disturbed by a p A best guess now is that the influence
of a p impurity will be wo lacal to probe superconductivity. although 1t could give
information on other ele: tronic structure

1 Semiconductors

A p is attracted o posiuve charge If there were an effective source of positive
charge. other than protons, one could expect p trapping In many respects. especially
involving dynamics and transport, the absence of electrons is equivalent to positive
charge. This “positive” charge can be either delocalized as holes in a conduction
band cor localized at ionic lattice vacancies and certain crystal imperfections. Of
course, such pseudo positive charge cannot violate the laws of electrostatics. and Lhe
earlier remarks on the absence of ground state stability still hold Nevertheless. the
existence of localized exciton states of the p-hole system seem possible. in principle.

and the model could serve as a fruitful paradigm
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